Epoxy resins are commercially used in the fabrication of printed wiring board (PWB) and integrated circuit package substrates because they have an acceptable dielectric constant, good adhesive strength, high modulus, high thermal stability, and are solvent resistant. 1 However, advanced polymers are used in applications where lower dielectric constant is needed for higher speed substrates and packages. [2] [3] [4] [5] High parasitic capacitance can cause interconnect delay for electronic devices and increase energy consumption. 6, 7 The tradeoff in improving electrical performance through the use of non-epoxy materials comes with high cost and more difficult process conditions. Thus, improved epoxy formulations are desired because they combine existing market acceptance, low cost and simple processing. The primary objective in this study is to modify existing epoxy resin formulations to achieve lower dielectric constant in off-chip interconnect pathways (i.e. the PWB and chip substrate).
Different methods have been investigated to lower the dielectric constant of epoxy polymer films. A hyperbranched epoxy thermoset has been synthesized and cast into film to reduce the dielectric constant by increasing the free volume in the hyperbranched polymer network. 8 Silica/epoxy resin nanocomposites have been formulated to produce organic-inorganic hybrid PWBs with reduced dielectric constant based on mesoporous silica. 9 Oligomeric silsesquioxane has been used to crosslink with the epoxy resin to reduce the dielectric constant due to the organic functional groups on the cage corners that can reduce the polarization of the molecular structure. 10 The epoxy resin backbone has been perfluorinated to lower the dielectric constant by reducing the dipole of the backbone using fluorine as the electron-withdrawing group, however, perfluorinated compounds are expensive and dangerous to produce. 11 The incorporation of air in the epoxy resin through the creation of porous regions is another viable approach to reduce the dielectric constant of polymer films, because air has a dielectric constant of about one. There are several reported techniques to form porous films, including gas expansion by using gas-blowing agent such as nitrogen, 12 concentrated emulsion by polymerizing one phase and selectively removing the dispersed liquid phase, 13 thermally induced phase separation by freeze-drying the solvent below the glass transition temperature (T g ) of the polymer, 14 and chemically induced phase separation by crosslinking the polymer to form two phases followed by removal of the solvent to create pores. 15, 16 Despite the large pore volume created using these methods, the pores are either large or open-pores, leading to the formation contiguous pathways through the polymer film. This can significantly deteriorate the mechanical property of the film, making them undesirable in preparation for PWB substrate.
The formation of large pores from phase segregation can be mitigated by covalently bonding the porogen materials to the polymer matrix, resulting in a nanoporous structure inside the cured polymer film. Thermal decomposition of the labile sacrificial polymer could lead to creation of nanoporous regions inside the film. Various ways have been used to introduce a sacrificial polymer into the polymer matrix, including synthesis of block copolymers that have one phase consisting of a sacrificial polymer, [17] [18] [19] [20] [21] direct crosslinking of the sacrificial polymer with the polymer matrix in a solvent where both components are miscible with each other, [22] [23] [24] and grafting the sacrificial polymer to the polymer matrix before crosslinking of the film. [25] [26] [27] [28] In those studies, sacrificial polymers such as poly(propylene oxide), valerolactone, polycaprolactone, polylactide and polyacrylic were used. However, these polymers have high decomposition temperature (> 250
• C) that exceed the process window for epoxy resin. Polypropylene carbonate (PPC) polyol is an attractive porogen material for epoxy resins because of its relatively low decomposition temperature (about 180
• C) and generation of small volatile molecules upon decomposition that can diffuse through the crosslinked polymer matrix. 29, 30 In this study, it has been shown that nanoporous epoxy resins can be formed by first grafting the epoxide functionalized PPC polyol to a polymer backbone before thermal curing with the epoxy resin. Selective decomposition of the functionalized PPC polyol leads to the formation of low dielectric constant nanoporous epoxy films.
Experimental
Materials.-PPC polyol with molecular weight of 2 kDa was supplied by Novomer Inc. Catalyst 2-ethyl-4-methylimidazole (2E4MI) was obtained from Momentive Specialty Chemicals. Styrene Maleic Anhydride (SMA, M w = 9090 g/mol), with styrene to maleic anhydride ratio of 4:1, was provided by Yuan Hong Corporation. Poly(bisphenol A diglycidyl ether) (pBPADGE, M w = 1750 g/mol), allyl chloroformate and 3-chloroperbenzoic acid (m-CPBA, ≤ 77%) were purchased from Sigma-Aldrich. Tetrahydrofuran (THF), dichloromethane (DCM) and methanol solvent were all purchased from BDH, at purity level >99%. Methyl ethyl ketone solvent (MEK, >99%) was purchased from Fisher Scientific. Pyridine (>99%) and Chloroform-d (CDCl 3 , >99.8%) were purchased from Alfa Aesar. All chemicals were used as received.
Epoxidation of PPC polyol.-Scheme 1 shows the reaction procedure that yields the desired grafting product. The epoxide form of PPC (ePPC) was synthesized by dissolving 20 wt% PPC polyol in THF. 5 eq. of end capping reagent, allyl chloroformate and 5 eq. of pyridine were added dropwise to the dissolved PPC polyol at 5
• C and stirred for 2 hr. The mixture was brought to room temperature and stirred for 3 days to complete the reaction. The by-product pyridinium-chloride salt was filtered and the resulting functionalized polymer allyl PPC (aPPC) was precipitated in the cold methanol, followed by drying in vacuum oven at 100
• C for 3 hr.
Epoxidation is finished by dissolving 20 wt% aPPC in DCM. 10 eq. of m-CPBA was added to the dissolved aPPC and mixed. Continuous stirring was performed for four days at 25
• C to form ePPC. The ePPC was precipitated in cold methanol, and air dried. tertiary amine 2E4MI. 10%, 20%, 30% and 50% weight fractions of grafted ePPC were prepared. The SMA was dissolved in the MEK and 1 wt% 2E4MI catalyst with respect to ePPC was added. The reaction was then refluxed at 95
• C for 6 days. The resulting product SMA-g-PPC x was precipitated at room temperature in the methanol and the product was separated by filtration and air-dried. The x in SMA-g-PPC x is the weight fraction of ePPC in the copolymer (e.g., 10% weight ePPC in SMA-g-PPC x is SMA-g-PPC 0.1 ).
Preparation of epoxy resin solution.-The porous epoxy resin mixture was made by mixing 0.3 g of pBPADGE with SMA-g-PPC x , where the amount of SMA corresponded to 0.4 g within the SMAg-PPC x . Mixtures where made corresponding to weight fractions of 0%, 5%, 13% and 20% ePPC within the total mass. MEK was used as the solvent. The mixture was sonicated at room temperature.
Film formulation.-Silicon wafers were cleaned using acetone and dried in a nitrogen stream. CHA Modified Mark-40 E-beam evaporator was used to deposit metal films at a pressure below 10 −5 torr. Titanium was deposited at the rate of 1 Å/s to a thickness of 30 nm followed by aluminum (99.99% pure), 800 nm thick, at a rate of 2 Å/s. The pBPADGE/SMA-g-PPC x solution was spin coated onto the silicon at a ramp rate of 1500 rpm to a speed of 1500 rpm for 10 seconds. The films were cured by first soft baking at 50
• C for 1 min, followed by 75
• C for 18 hr to begin the pBPADGE-SMA reaction and 180
• C for 6 hr to decompose the PPC. Finally, the pBPADGE was fully cured at 220
• C for 10 min to ensure complete PPC decomposition and to complete the epoxy curing. A 300 nm top layer of aluminum was deposited at 2 Å/s by evaporation on the cured polymer film for capacitance measurements.
Characterization.-The ePPC synthesis (i.e. aPPC, ePPC, and SMA-g-PPC x ) was characterized by 1 H NMR using a Varian Mercury Vx 400 (400 MHz) spectrometer before and after the functionalization PPC polyol using chloroform-D as the solvent. 0.5 mg of polymer was dissolved in 0.75 ml of chloroform-D for the 1 H NMR analysis using 32 scans with relaxation time of 1 s. The CDCl 3 peak was calibrated at 7.26 ppm.
Differential scanning calorimetry (DSC) was performed (TA Instruments Q20) to examine the T g of the crosslinked polymer film. The film was sealed in a platinum pan and ramped at a rate of 10
• C/min to 200
• C. Thermogravimetric analysis (TGA) was performed (TA Instruments Q50) to investigate the PPC decomposition temperature and weight fraction in the formulation. The platinum pan was cleaned in acetone and re-zeroed before each run. PPC polyol, aPPC and ePPC were ramped at rate of 5
• C/min to 400
• C. The SMA-g-PPC x and formulated polymer films were ramped at 5
• C/min to 500
• C. The capacitance and tangent loss of the epoxy films were measured with a GWinstek LCR-821 meter. At least five capacitors with an electrode area of 0.065 cm 2 were measured for each data point. The frequency was controlled at 200 kHz and bias was set to 1.275 V. The dielectric constant was calculated based on ε = Cd/(Aε 0 ), where C is the capacitance, ε 0 is the vacuum permittivity (8.85
* 10 −12 F/m), A is the area of the smaller electrode, and d is the dielectric thickness.
An Hitachi SU8230 scanning electron microscope (SEM) was used to image cross-sections of the polymer film. The SEM was operated at 1 kV with emission current of 5 mA. Nitrogen absorption isotherms of the films were measured at 77 K on a Quadrasorb system from Quantachrome Instruments.
The reduced modulus and hardness of the spin-casted films were determined using a Hysitron Triboindenter with a 1 μm diameter conical tip. The indent depth was less than 10% of the film thickness. The indent depth for the 0%, 5%, 13% and 20% porogen samples was 67 nm, 79 nm, 98 nm, and 56 nm, respectively. A polycarbonate sample was used as the reference to calibrate the projected area coefficient. 4-point data were obtained between 50 μN to 200 μN with an interval of 50 μN to avoid substrate effects. The reduced modulus of the film can be determined using Equation 1 .
In Eq. 1, E r is the reduced modulus of the material tested, β is a geometric constant on the order of unity, dP/dh is the slope of the linear portion of the unloading curve, and A is the projected area of the indentation.
Results and Discussion
Functionalization of PPC polyol.-The first step in the modification of PPC was to react the hydroxyl free-ends with the allyl chloroformate via S N 2 nucleophilic substitution forming aPPC. The aPPC was then functionalized to ePPC by Prilezhaev epoxidation as described in the experimental section. The 1 H NMR spectrum for the PPC polyol and its subsequent functionalized products are shown in the Figure 1 . Figure 1a shows 3 , peak e). The ratio of peak a: peak b: peak c is 1:2:3. This proton ratio on the PPC polyol backbone matches with the integration of the peak in the PPC polyol 1 H NMR spectrum and is consistent with previous results. Comparison of peaks of allyl chloroformate before and after reaction show a slight upfield shift of the protons on the allyl group. The shift in the allyl protons is due to the substitution of hydroxyl for chlorine on the PPC bonded to the carbonyl group on allyl chloroformate. Oxygen is less electron withdrawing than chlorine, leading to the upfield shift of the allyl protons. Moreover, the formation of water-soluble pyridinium-chloride solid caused by the S N 2 reaction indicates that the reaction has occurred. Thus, the proton shift of the allyl group and formation of the water-soluble salt confirm that PPC polyol have been converted to aPPC. The molecular weight of the aPPC was calculated using end-group analysis based on 1 H NMR spectrum. Integration of peaks at 4.92 ppm -5.02 ppm and 5.22 ppm -5.37 ppm gives a ratio of 19.64 of PPC repeat units to a single allyl proton. The molecular weight of aPPC is determined to be 2,205 Da. This value matches the expected molecular weight of aPPC based on the starting weight of PPC polyol of 2 kDa. Thus, there appears to be a complete conversion of PPC polyol to aPPC.
The aPPC was then converted to ePPC by oxidation of the allyl double bond with m-CPBA. Figure 1d shows the 1 H NMR spectrum of ePPC. The major peaks for the PPC backbone remain with the correct peak area ratio and all the protons identified on the spectrum is the same as 2.65 ppm -2.70 ppm gives a ratio of 27.16 of PPC repeat units to the epoxide ring on both ends, which corresponds to a molecular weight of 3 kDa for ePPC.
The TGA of PPC polyol, aPPC and ePPC are shown in Figure  2 . PPC polyol decomposes by two mechanisms, end-unzipping (or sometimes called backbiting) which occurs first at a lower temperature, and random chain scission which usually occurs at a higher temperature. 29 The onset of thermal degradation of aPPC was similar to that of PPC polyol. However, the degradation process was completed at a slightly higher temperature because the allyl chloroformate stabilized the ends of the PPC polyol. This forced the reaction to occur more through random chain scission, leading to a higher temperature process. The thermal degradation of ePPC also occurred at a slightly higher temperature than PPC polyol because of the suppression of the end-group unzipping reaction. Complete decomposition of ePPC occurred at a higher temperature than PPC polyol due to the stabilization of the end group, forcing the random chain scission to dominate.
Synthesis and characterization of SMA-g-PPC x .-SMA is known to improve the properties of epoxy resin formulations, including raising the T g and lowering the dielectric constant. 31 The anhydride monomers within SMA provide sites for epoxy crosslinking. PPC has been shown to be a porogen within epoxy polymer films by decomposing during or after polymer gelation. 32 However, the immiscibility of PPC with epoxy leads to phase segregation of the PPC, resulting in large pores up to several micrometers. 32 In this study, ePPC was grafted onto SMA before crosslinking with pBPADGE. Grafting PPC onto SMA can help to mitigate phase segregation since ePPC is stabilized by covalent bonding to the SMA copolymer. The ratio of styrene to maleic anhydride in the SMA was evaluated by 1 H NMR shown in Figure 3a . The broad peak in the range 5.75 ppm -8 ppm represents five aromatic protons (annotated as o in the chemical formula of SMA) on styrene. The broad peak in the range 0.75 ppm -3 ppm represents the remainder of the SMA protons, including three protons on a single styrene molecule (annotated as p, q, r in the chemical formula of SMA) and two protons on a single maleic anhydride molecule (annotated as s and t in the chemical formula of SMA). The ratio between the two peaks was determined to be 10:7 based on 1 H NMR spectrum. Assuming there are x moles of styrene and y moles of maleic anhydride in 1 mole of SMA, the ratio of the two peaks can be represented by 5x/(3x + 2y). Since 5x/(3x + 2y) is equal to 10/7, the ratio between x and y, i.e., the ratio between styrene and maleic anhydride, was determined to be 4:1.
Figures 3b-3d show the 1 H NMR for the final product of SMAg-PPC x with loadings of 10 wt%, 20 wt% and 30 wt% ePPC. The styrene to ePPC ratio before the reaction was determined by calculating number of moles of styrene and ePPC that were added into the reaction flask. The ratio between styrene and ePPC after the reaction was determined by 1 H NMR using the ratio between styrene aromatic peak o at 5.75 ppm -8 ppm and ePPC peak a at 4.92 ppm -5.02 ppm. Each styrene contains 5 aromatic protons, therefore number of moles of styrene can be calculated by dividing its integral by 5. Similarly, ePPC peak at 4.92 ppm -5.02 ppm represents 19 repeat units for the ePPC backbone. Thus, the number of moles of ePPC can be determined by dividing its integral by 19. Table I summarizes the ratio of styrene to ePPC before and after the reaction. Similar ratios of styrene to ePPC was obtained for each of the three grafting reactions. This shows that most of the ePPC added was grafted onto the SMA. Figure 4 shows the TGA result for the decomposition of SMAg-PPC x products. For SMA-g-PPC 0.1 , SMA-g-PPC 0.2 and SMA-g-PPC 0.3 , 10%, 20% and 30% weight loss was observed between 150
• C and 300
• C, while pure SMA showed no weight loss in that temperature range. The ePPC decomposition started at a lower temperature than before it was grafted onto SMA due to the addition of the amine catalyst that catalyzed the decomposition reaction. The ePPC also decomposed at a much slower rate due to the protection of the bulky end group that restrict end-unzipping. For SMA-g-PPC 0.5 , only 32% weight loss was observed between 150
• C. This shows that only 64 wt% of ePPC added to the SMA for reaction resulted in SMA-g-PPC 0.5 formation. The result suggests that a maximum loading of about 32 wt% PPC can be grafted onto SMA with 4:1 styrene maleic anhydride copolymer. This limitation to further grafting ePPC onto other vacant anhydride sites on SMA may be due to the steric hindrance of the grafted ePPC on the SMA.
Film properties and characterization.-Curing of the epoxy resin film is desirable before ePPC decomposition to ensure the formation of closed pores. Thus, confirmation of crosslinking before decomposition is important. Park et al. demonstrated the cure behavior of an epoxy-anhydride-imidazole system, where a tertiary amine could initiate the crosslinking between epoxy and anhydride molecules at 75
• C for 18 hours. 33 Crosslinking was confirmed by observing the increasing of T g due to the addition of anhydride molecules in the resin formulation. 33 For the first stage, the film was each cured at 75
• C for 18 hours to ensure that crosslinking occurred. Figure 5a shows the Table I . Molar ratio of styrene to ePPC before and after the reaction. TGA for the film after the first stage curing. About 5 wt% residual solvent evaporated before the decomposition of ePPC. For SMAg-PPC 0.1 , SMA-g-PPC 0.2 and SMA-g-PPC 0.3 crosslinked films, 5%, 13% and 20% weight loss was observed between 150
• C. The pure SMA showed no weight loss in the same temperature range. This shows that ePPC decomposition did indeed occur. These films were subsequently brought to 180
• C for 6 hr and finally to 220
• C to complete the ePPC decomposition. Figure 5b shows the TGA spectrum for the film after the decomposition of ePPC. No weight loss occurred until 320
• C, suggesting that all the ePPC were removed after the 220
• C step. The density of different starting materials was similar: pBPADGE 1.17 g/cm 3 , SMA 1.08 g/cm 3 , and PPC 1.2 g/cm 3 . Thus, the mass fraction of ePPC could be used to estimate the pore volume fraction inside the film, assuming the components did not change density when mixed. This results in pore volumes of 5%, 13% and 20% pore volume in the films SMA-g-PPC 0.1 , SMA-g-PPC 0.2 and SMA-g-PPC 0.3 , respectively. Cross-sectional SEM images of the polymer films spin-coated on aluminum coated silicon wafers are shown in Figure 6 . Spin speed of 1500 rpm/s resulted in similar thickness of 1.05 μm, 1.11 μm, 1.04 μm, and 1.08 μm, for films with 0%, 5%, 13%, and 20% volume fraction ePPC. Figure 7 is a high magnification image to examine if the pores are large enough to be observed. section of a nonporous film where no pores were observed. Figures  7b and 7c show the 5% and 13% porous epoxy films where there were also no pores observed. However, in Figure 7e , where the 10 wt% ePPC was directly mixed with SMA and pBPADGE without grafting the ePPC onto SMA before curing, large pores up to 90 nm are observed. This shows that the pores inside Figures 7b and 7c are small enough that using SEM to observe the pore size is difficult. Figure 7d shows the 20% porous epoxy film where some small pores are observed.
Nitrogen absorption measurements were performed to further investigate the pore size in the films. Figure 8 shows the nitrogen absorption result for films with 0%, 5%, 13% and 20% pore volume. Free volume in the range of 3 to 5 nm was observed within all the epoxy films, including the non-porous film. This is likely due to the free volume within the crosslinked polymer chains. Pores in the range of 6 to 8 nm were found in the films with 5%, 13% and 20% porogen. The molecular size of the 2000 g/mol porogen is about 3 nm 3 , which is in the range of the pores found within the epoxy matrix. For the 20% porous epoxy film, larger pores between 15 to 20 nm were observed. This pore size distribution from the nitrogen absorption experiment agrees with the SEM image, where larger pores could only be observed for 20% porous epoxy film by SEM. This increase in pore size for the 20% porous epoxy film may be caused by the reaction of ePPC with other ePPC sites during the curing stage, leading to the increase of pore size upon decomposition. The densely grafted SMA-g-PPC 0.3 has ePPC chains that are more likely to interact with each other, thus leading to an increase in the pore size.
To examine the effect of the pore volume fraction on the dielectric constant, capacitance values for different capacitor structures were measured. Figure 9 shows the dielectric constant and loss of the formulations with the error bars set a one standard deviation. At least five capacitors were measured for each data point. For the nonporous epoxy film, the dielectric constant was 3.22 and the tangent loss was 0.0185. 5% porosity into the film lowered the dielectric constant to 3.17 and the loss tangent dropped to 0.0146. Increasing the porosity to 13% lead to a film with 2.91 dielectric constant and 0.0141 loss tangent. The loss tangent may not be dropping as rapidly as the dielectric constant because of water or hydroxyl coverage of the pore walls. This will be addressed in a later study. When the porosity was increased to 20%, dielectric constant dropped to 2.77, however the loss tangent remained about the same at 0.0150. The mixing rule based on two different models, Maxwell equation of volume averaging theory (VAT), which is expressed in Equation 2 and Lichtenecker's rule, Eq. 3, are shown below.
lnε ef f = P * lnε i + (1 − P) * lnε m [3] In Eqs. 2 and 3, ε m is the dielectric constant of the epoxy film, ε i is the dielectric constant of the air, and P is the porosity of the film. 34 In these two models, the porosity of the epoxy films was modelled as a two-component system, consisting of air and epoxy. The experimental results agree with predicted values based on the VAT model, where the measured dielectric constant decreased linearly. The experimental data also gave less than a 2.2% deviation from the VAT model and an 8.3% deviation from the Lichtenecker model.
T g of the crosslinked films was studied using DSC. Figure 10 shows the DSC curve for samples containing 0%, 5%, 13% and 20% porosity. All the films have a T g between 140
• C and 160
• C. The non-porous epoxy/SMA crosslinked film had a T g of 157
• C. The T g of porous films was somewhat lower at 142
• C due to the decrease of crosslink density after the decomposition of the ePPC leaving free volume for polymer chain to move in a less hindered environment.
Mechanical properties of the crosslinked films, including reduced modulus and hardness, were studied using nanoindentation, Figure  11 . For the nonporous epoxy film, the reduced modulus based was 10.4 GPa. The reduced modulus dropped slightly to 10.3 GPa for film with 5% porosity. The reduced modulus was 8.13 GPa for film with 20% porosity. The reduction in reduced modulus with increase in porosity of the epoxy film is caused by the decrease in crosslink density of the film. The decrease in crosslink density happens due to the decomposition ePPC, which was previously crosslinked to the SMA and pBPADGE. This may be corrected by changing the styrene to maleic anhydride ratio. The hardness of the film also decreased from 0.44 for nonporous epoxy film to 0.36 for the 20% porous epoxy film, due to the decrease in crosslink density caused by the increasing pore volume. 
Summary
In this work, we described the synthesis of SMA-grafted PPC copolymer, and used this grafting copolymer for preparation of nanoporous epoxy films. Nanoporous thin films were obtained by thermal decomposition of a PPC porogen crosslinked to the pB-PADGE/SMA system. The chemical crosslinking of PPC with SMA prevented the aggregation of PPC molecules and restricted the formation of large pores inside the epoxy film. Pore size lower than 10 nm was observed inside the epoxy film with the PPC-grafted formulation. The electrical and mechanical properties of the film based on different percent pore volume was studied. The dielectric constant of the epoxy film was lowered with increasing the pore volume without significantly sacrificing the mechanical properties of the films. A new functionalized porogen materials was demonstrated in this study that could be incorporated into the epoxy film without degrading the mechanical and electrical properties of the film. The ease of processing of this low dielectric constant epoxy film makes it potentially useful for electronic applications involving advanced devices.
